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Abstract
Asphaltenes are a group of planar molecules found in crude oil and are prone to aggregation which
often causes blockage of pipes along the oil production stream resulting a huge economic
downside. In an effort to understand the hierarchical organization of asphaltene in different
solvents and concentrations, the solution structure of various asphaltene solutions were studied
using small-angle x-ray scattering (SAXS). Solvents were chosen based on miscibility maps. Such
maps are generated on the critical value of the solubility parameter difference between asphaltenes
or asphaltene components, and a range of solvents. The critical factors that affect asphaltene and
asphaltene component miscibility with a particular solvent depend on the Hildebrand solubility
parameter (δH) which accounts for Asphaltene type and its source, dipole moment of the solvent,
self-association of the asphaltene; the degree of self-association of strongly polar and hydrogenbonding solvents; free volume differences between asphaltene components and solvents etc.
SAXS, (a technique used for the determination of the microscale or nanoscale structure of particle
systems in terms of such parameters as averaged particle sizes, shapes, distribution, and surfaceto-volume ratio etc.) was used to study modified asphaltenes with polar groups removed at
concentrations of 1 to 50 mg/ml in toluene. Additionally, SAXS measurement of different
asphaltene concentrations using heptane-extracted asphaltene in a strongly polar solvent THF
(tetrahydrofuran) were carried out at concentrations ranging from 1 to 500 mg/ml to find develop
a quantitative description of the fractal aggregate nature of asphaltenes as a function of
concentration. Concentration-dependent asphaltene SAXS measurements in benzene ranging from
1 mg/ml to 100 mg/ml were carried out using both High-Flux and High-Resolution mode. A mass
fractal model over a Q-range of 0.008 - 0.4 Å-1 was used in part of the analysis. The varying cutoff
length, primary radius parameters, and the growing mass fractal dimension, all suggest that at a
certain chain length, asphaltene nanoaggregates (NA) begin to collapse onto themselves to form a
larger and denser aggregate. The experimental data has been fit with several models including the
Unified Power Law and the Ellipsoidal/Spherical Hayter Mean Spherical Approximation models

vi

to compare their output parameters and develop a consistent view of asphaltene hierarchical
structure. Furthermore, results will be compared and integrated with statistical mechanics theories
such as the DLVO (Derjaguin–Landau–Verwey–Overbeek) theory that models absorption and the
aggregation of nanoparticles in aqueous systems and describes the stability of colloidal
dispersions. Future work will also include the use of other solvents, as well as the impact of
pressure and temperature on the nanostructure of these systems. Moreover, the relation between
the molecular dynamics parameters and the self-aggregation formed in the solution will be
investigated by using a variety of solvents (i.e Weakly polar or non-polar) to observe its effects on
the miscibility and the structural network of aggregated Asphaltene.
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Chapter 1: Introduction

1.1 ASPHALTENE
Asphaltene is a part of crude oils that contain a large number of structures, specifically
high molecular weight bonded polycyclic aromatic hydrocarbon (PAH) components with heteroatoms. The aromatic carbon content of asphaltenes is in the range of 40 to 60 %, with a
corresponding H/C atomic ratio of 1.0-1.2. J.B. Boussingault (1837) defined asphaltenes as the
residue of the distillation of bitumen: insoluble in alcohol and soluble in turpentine. The definition
today is similar; it is insoluble in n-alkanes, such as n-pentane or n-heptane, and soluble in toluene.1
Asphaltenes are believed to consist of condensed aromatic rings that carry alkyl and salicylic
systems with hetero elements (i.e., nitrogen, oxygen and sulfur) scattered throughout in various,
including hetero-cyclic locations.

Figure 1.1: (a) Idealized molecular structure of asphaltene (b) The hierarchical structure of
Asphaltene

1.2 ASPHALTENE PRECIPITATION
Asphaltenes are a solubility class of the crude oil defined as soluble in aromatic solvents
and insoluble in n-alkanes. It can appear in a gas condensate system if the reservoir has an oil rim.
Asphaltenes may precipitate1 from crude oil during production and deposit on the internal surface
of the production system or accumulate in equipment with high resident time or dead legs, creating
1

flow assurance and processing issues (emulsion, heat exchanger fouling, etc.). The ASTM D-327990 (IP143/90) test defines asphaltenes as solids that precipitate when an excess of n-heptane or
pentane is added to a crude oil.

Figure 1.2: Extraction of Asphaltene (SARA Method)2

The choice of light alkane will affect the quantity of asphaltenes precipitation and can
mislead any asphaltene content comparison between two oils if the solvent choice is not clear. The
amount, chemical composition, and molar mass distribution of the Asphaltene “solubility class”
vary significantly with the source of the crude oil and with the method of precipitation.3, 4, 4
1.3 ELEMENTAL COMPOSITION
The heteroatoms (nitrogen, oxygen, sulfur, and others) play a significant role in the
formation of the intermolecular forces responsible for the physical stability of asphaltenes.5 The
main elemental components of petroleum asphaltene are hydrogen and carbon. Ouchi has shown
that H/C ratio is a linear function of the portion of aromatic carbons of petroleum fractions as
measured by C13-NMR (carbon nuclear magnetic resonance).6 The H/C ratios of asphaltene
averaged between 1.1:1 to 1.4:1. C137,4 nuclear magnetic resonance (NMR) and Carbon K-edge
2

X-ray absorption near-edge spectroscopy (XANES) studies shows that about 50 % of the carbon
is aromatic and the rest saturated.8 Speight in 1991 reported that the elemental composition of 57
different asphaltene from 8 countries. Speight found that, carbon and hydrogen contents of
asphaltene do not vary significantly; however, the proportion of hetero-elements, such as oxygen,
sulfur and nitrogen varies significantly from 0.3 to 4.9% for oxygen; from 0.3 to 10.3% for sulfur;
from 0.6 to 3.3% for nitrogen.9 The hydrogen atoms contained in saturated groups while 40% of
the carbon contained in aromatic structures.10 Also, several metals (e.g., Ni, V, Fe, Al, Na, Ca, and
Mg) shown to accumulate in the asphaltenes fraction of crude oil, typically in concentrations less
than 1% w/w.11 The resultant molecular weight of the precipitated material therefore can vary
enormously from thousands to millions, depending upon the solvent. The NMR results show that
the average number of rings in a single fused ring system is around 7.6

1.4 STRUCTURE OF ASPHALTENE
Because of the complexity of asphaltene molecules, finding the exact structure of
asphaltene has proven to be an overwhelming task. As discussed by Ruiz-Morales, and Mullins,
2007,12 the structure of asphaltene investigated by different physical methods include infrared
spectroscopy (IR), nuclear magnetic resonance (NMR), electron spin resonance (ESR), also mass
spectroscopy, X-ray, and ultra-centrifugation, electron microscopy, and small angle neutron
scattering SANS, and small angle X-ray scattering SAXS, quasi-elastic light scattering
spectroscopy, vapor pressure osmometry (VPO) and gel permeation chromatography (GPC).
Even though, the complete structure of asphaltene not yet completely discovered, some
common structures were established. Asphaltenes believed to consist of condensed aromatic rings
that carry alkyl and salicylic systems with hetero elements (i.e., nitrogen, oxygen and sulfur)
scattered throughout in various, including hetero-cyclic locations.12, 13 Fluorescence depolarization
technique applied to survey the molecular size of a broad range of asphaltenes and related
compounds. It found that, the variability in asphaltene molecules is enormous, some with nitrogen,
3

others with sulfur, some with a big ring system, others with a small ring system, an occasional
molecule with a metal, a porphyrin, etc.

At the risk of oversimplifying, three idealized asphaltene structures have been proposed.
These three structures showed in figure. Idealized molecular structures for the three asphaltene
structures consistent with overall molecular size, aromatic ring systems, chemical speciation, and
aromatic rings showed with darker lines.14 Asphaltene molecules are shaped like our hand with
the palm representing the core aromatic ring system and the fingers representing the peripheral
alkane substituent.D,15

Figure 1.3: Asphaltene Molecular structure2
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1.5 ASPHALTENE MOLECULAR WEIGHT
The molar mass of asphaltene is a topic of continued controversy over the last decades
because of its tendency to aggregate or associate even at low concentration. The tendency of
asphaltenes to aggregates in toluene at concentrations as low as 50 mg/liter.16 Though, with the
development of more advanced techniques the discussion on molecular mass of asphaltene seems
to be over. In the past, the molar mass of asphaltenes was measured by different methods such as
Vapor Pressure Osmometry (VPO), mass spectrometry (MS), size exclusion chromatography
(SEC), and scattering phenomena such as small angle X-ray (SAXS), and small angle neutron
scattering (SANS). Molecular mass determined by light scattering methods (SAXS, SANS) and
fluorescence depolarization technique differ by as much as a factor of 10 or more. It understood
that many of these techniques measured molar mass of aggregated asphaltene or micelles than a
single asphaltene molecule. Moreover, the molar mass of asphaltene depends on the technique and
experimental condition (time, concentration and temperature) employed for the measurement. Size
exclusion chromatography yielded average molecular weights as high as 10,000 amu.16,
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different research, results of laser desorption mass spectroscopy17 yielded asphaltene molecular
weights of 400 amu with a range of roughly 200-600 amu. Fluorescence depolarization
measurements indicated the molecular weights of 750 amu with a range of roughly 500-1000 amu.
The study of asphaltene samples from around the world shows that the molecular weight
distributions vary depending on geographic origin. For example, Brazilian asphaltene samples
have a lower molecular weight range than North American asphaltene.18
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Figure 1.4: Asphaltene Molecular weight or size derived from various techniques2
1.6 ASPHALTENE SIZE AND SHAPE
The asphaltene particle size and shape widely differ in literature19 indicated that the
diameter of disk-like asphaltene entities in tetrahydrofuran for safanya asphaltene fractions is
about 13 nm. In 2004, Rajagopal and Silva20, 21 measured the spherical particle size of asphaltene
dissolved in toluene by light scattering method, and they projected it to be 23 nm even though at
very low concentration of about 1 ppm. The freeze-fracture-transmission electron-microscopy
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(FFTEM) technique used to study the asphaltene particle diameter in toluene medium, and it was
found to be in the range of 7-9 nm.21 Another study carried out by Chianelli22 et al. (2007) by using
WAXS wide angle x-ray scattering and SAXS on Venezuelan and Mexican Asphaltene, show the
presence of the asphaltene particles within sizes in the range of 3–5 nm. Therefore, the review of
the literatures indicates that the asphaltene particle diameter varies between 3 and 23 nm. The
variation in data is due to the difference in solvents, techniques, and concentration range used. The
variety of shape of asphaltene includes thin-disk, spherical, fractal-like, oblate ellipsoid, prolate
and discoid.
Results from analytical methods such as time-resolved fluorescence depolarization
(TRFD); Nuclear magnetic diffusion; Fluorescence correlation spectroscopy (FCS); DC
conductivity show that the size of asphaltene molecules is ~ 1.5 nm.
The asphaltene particle size and shape widely differ in literature indicated that the diameter
of disk-like asphaltene entities in tetrahydrofuran for safanya asphaltene fractions is about 13 nm.
In 2004, Rajagopal and Silva measured the spherical particle size of asphaltene dissolved in
toluene by light scattering method, and they projected it to be 23 nm even though at very low
concentration of about 1 ppm. The freeze-fracture-transmission electron-microscopy (FFTEM)
technique used to study the asphaltene particle diameter in toluene medium, and it was found to
be in the range of 7-9 nm. Another study carried out by Chianelli et al. (2007)22 by using WAXS
wide angle x-ray scattering and SAXS on Venezuelan and Mexican Asphaltene, show the presence
of the asphaltene particles within sizes in the range of 3–5 nm. Therefore, the review of the
literatures indicates that the asphaltene particle diameter varies between 3 and 23 nm. The variation
in data is due to the difference in solvents, techniques, and concentration range used. The variety
of shape of asphaltene includes thin-disk, spherical, fractal-like, oblate ellipsoid, prolate and
discoid.23, 24
Results from analytical methods such as time-resolved fluorescence depolarization
(TRFD)25, 26; Nuclear magnetic diffusion26; Fluorescence correlation spectroscopy (FCS)27; DC
conductivity28 show that the size of asphaltene molecules is ~ 1.5 nm.
7

Figure 1.5: Hypothetical Structures for Asphaltene
1.7 ASPHALTENE SOLUBILITY
Asphaltene solubility is a complicated business. The material is heterogeneous, and
samples obtained from different sources can have very different average solubility parameters.
Individual asphaltenes contain components that span a range of values.
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Figure 1.6: Solubility parameters for asphaltenes plotted as a function of the atomic H/C ratio of
the material.29
This allows the calculation of “miscibility maps” based on the critical value of the
solubility parameter difference between asphaltenes or asphaltene components and a range of
solvents. The critical factors that affect asphaltene and asphaltene component miscibility with a
particular solvent are the self-association of the asphaltene; the degree of self-association of
strongly polar and hydrogen-bonding solvents; free volume differences between asphaltene
components and solvents. Free volume differences depend on both solvent molar volumes and the
flexibility of the solvent molecules. Free volume is related to molecular dynamics and above the
glass transition temperature involves coupled vibrational, rotational, and translational motions of
a molecule in a fluctuating cage of its neighbors.

Figure 1.7: Spinodals calculated as plots of the bare χ parameter, χ0 vs asphaltene concentration.
The two curves for non-associating solvents were calculated for flexible molecules
such as the n-paraffins (open blue squares) and less flexible or rigid solvents (filled
blue squares).28
For a flexible molecule such as heptane, translational motion is in turn related to coupled
bond rotations. The ends of even short chains have more freedom of motion than those segments

9

in the middle of a chain. Accordingly, in the n-paraffins, free volume decreases as chain length
increases (fewer ends per unit volume) and the free volume difference between long chain paraffins
and asphaltenes becomes less as chain length increases. Less flexible or rigid molecules such as
methylene chloride and toluene also show a systematic decrease in free volume differences relative
to asphaltene with increasing solvent molar volume. However, the calculated values are more
scattered, in part because freedom of motion and hence free volume is influenced by other factors,
such as intermolecular interactions. 29
Strongly self-associating solvents like methanol are predicted to be immiscible with
asphaltenes. For weakly self-associating polar solvents, a particular solvent may be “good” for
asphaltenes with one distribution of solubility parameter values but poor for one with a different
average value and distribution.29 So, the miscibility of Asphaltene in a specific solvent and
concentration is a complex phenomenon which depends on the Asphaltene type and its source, the
Hildebrand solubility parameter (δH) and the Dipole Moment of the solvent along with interactions
between Asphaltene nano-aggregates and the solvent among other parameters. The solubility
scheme is summarized in the following figures.

Figure 1.8: (L) Schematic “miscibility map” showing the upper and lower limits of miscibility for
a hypothetical asphaltene.
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(R) Plot of the solubility parameters of various solvents vs their molar volumes.
Solubility parameter values for nonpolar and weakly polar solvents are identified by
filled circles, while values for somewhat polar solvents are identified by open
squares.29

Even the solvent that defines asphaltene identity, toluene, is predicted to dissolve only a
limited range of asphaltene components. This is consistent with various reported experimental
observations. However, solubility is often defined in terms of an absence of a visible precipitate,
and on the basis of recent work in the literature, toluene solutions may contain some microphaseseparated material stabilized against further aggregation by steric and kinetic factors.29 However,
in solvents with a higher solubility parameter value than toluene, such as dichlorobenzene, there
could be fewer clusters or even none.

1.8 NANO COLLOIDAL STRUCTURE
It is now widely accepted that asphaltenes associate to form nanoscale aggregates, even in
very dilute solutions of good solvents like toluene. However, experimental data describing the
nature of the aggregates and the aggregation process remain open to interpretation and are the
subject of various disagreements. One school of thought considers these nanoscale aggregates to
be colloidal structures.30, 31 A second view is that aggregation does not necessarily imply colloid
formation and that a liquid/liquid phase separation can result in the formation of a solvent rich
phase in equilibrium with asphaltene rich clusters.32, 33 It has also been shown that the coalescence
of nanoscale asphaltene particles into macroscopic phase separated domains can be limited by
kinetic34-37 and steric factors.

As this very limited number of citations of a very large body of literature suggests,
asphaltene solutions and their phase behavior can be frustratingly difficult to describe
unambiguously. In considering the literature on asphaltene aggregation, it is therefore important
to clearly define what type of aggregates are being discussed. In some studies, particles in the size
11

range of 5−10 nm are referred to as both aggregates and nanoaggregates,38-40 which of course they
are. However, in scattering work, a clear distinction has been made between an initial, limited
association to form nanoaggregates approximately 2−3 nm in size and a subsequent aggregation
of these particles to form mass fractal clusters in the size range of 5−10 nm.36, 41, 42,43, 44 In keeping
with this latter literature, we will refer to nanoaggregates as the smaller particles formed initially
by the self-association of asphaltene molecules and refer to the larger aggregates of these particles
as clusters.

Figure 1.9: Aggregation behavior of Asphalltene with increasing concentration2
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On the other hand, it has been shown that asphaltenes have two distinct nanocolloidal
structures. The island molecule architecture, with attractive forces in the molecule interior (PAH)
and steric repulsion from alkane peripheral groups gives rise to nanocolloids with aggregation
numbers less than 10. Methods to show these structures include SANS, SAXS, high-Q ultrasonics,
NMR, AC-conductivity, DC-conductivity, centrifugation. These structures are also observed in oil
reservoirs with extensive vertical offset (where gravitational effects are evident). In addition to
these 'primary' nanoaggregates, CLUSTERS of nanoaggregates can also form as seen by a variety
of techniques.
Solvent-corrected SAXS and WAXS results of asphaltene in a liquid environment are
presented and reveal three distinct separation distances, in contrast to the two separation distances
observed in diffraction studies of solid phase asphaltenes. Significant differences in the WAXS
peak positions and shapes between aromatic and nonaromatic solvents suggests that there may be
large differences between the solvation shell or conformation of the asphaltene alkyl shell
depending on the surrounding liquid environment.45

Figure 1.10: Solvent-corrected SAXS and WAXS results of asphaltene in a liquid environment45
It was found that both soluble and insoluble asphaltenes form fractal clusters in crude oil
and the fractal dimension of the insoluble asphaltene clusters is higher than that of the soluble
clusters. Adding heptane also increases the size of soluble asphaltene clusters without modifying
the fractal dimension. Understanding the process of insoluble asphaltenes forming fractals with
13

higher fractal dimensions will potentially reveal the microscopic asphaltene destabilization
mechanism (i.e., how a precipitant modifies asphaltene-asphaltene interactions).46
1.9 MASS FRACTAL MODEL
Fractal structures are characterized by self-similarity within some spatial range. The mass
distribution in a fractal object varies with a power D of the length r, smaller than the dimension d
of the space.47 One example of mass fractal is a structure containing branching and cross linking
to form a 3D network. One such example is diffusion limited aggregation or DLA which describes,
among other things, the diffusion and aggregation of zinc ions in an electrolytic solution onto
electrodes. Considering a system of interacting particles in a medium which can form a mass fractal
structure through clustering, the scattering cross-section is given by48,
𝑑𝑑Σ(Q)/d Ω= φ Δρ2 V P P(Q) S(Q)

Where the inter-particle structure factor is given by,

Defining a mass fractal dimension D, the pair correlation function g(r) can be modeled as
follows:
49

The Parameter ξ is a characteristic size for the mass fractal and r0 is the radius of the
individual particles making up the fractal object which we consider for obtaining the form factor
P(Q). When the physically interesting range falls below 1000 A, scattering techniques are the
more appropriate way to study fractal structures and determine their fractal dimension, D.
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Figure 1.11: Mass Fractals structure (Left) and classification (Right)

1.10 UNIFIED POWER RG MODEL
Definition
This model employs the empirical multiple level unified Exponential/Power-law fit
method developed by Beaucage.50 Four functions are included so that 1, 2, 3, or 4 levels can be
used. In addition, a 0 level has been added which simply calculates,
I(q)=scale/q + background
The Beaucage method can reasonably approximate the scattering from diverse types of
particles, including fractal clusters, random coils (Debye equation), ellipsoidal particles, etc.
The model works best for mass fractal systems characterized by Porod exponents between 5/3
and 3. It should not be used for surface fractal systems. Hammouda51 (2010) has pointed out a
deficiency in the way this model handles the transitioning between the Guinier and Porod
regimes and which can create artefacts that appear as kinks in the fitted model function.
The empirical fit function is:
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Where,
For each level, the four parameters Gi, Rgi, Bi and Pi must be chosen. Beaucage has an
additional factor k in the definition of qi∗ which is ignored here. For example, to approximate
the scattering from random coils (Debye equation), set Rgi as the Guinier radius, Pi=2,
and Bi=2Gi/Rgi.
For 2D data: The 2D scattering intensity is calculated in the same way as 1D, where the q vector
is defined as,
q = sqrt (qx2 + qy2)

Table 1.1: Default value of the Model Parameters
Parameter

Description

Units

Default value

scale

Source intensity

None

1

background

Source background

cm-1

0.001

level

Level number

None

1

rg[level]

Radius of gyration

Å

15.8

power[level]

Power

None

4

B[level]

cm-1

4.5e-06

G[level]

cm-1

400
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Figure 1.12: 1D plot corresponding to the default parameters of the model.
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Chapter 2: Small-angle X-ray scattering (SAXS)

2.1 Introduction
Small-angle X-ray scattering (SAXS) is a technique whereby the scattering of X-rays upon
interaction with a material or biological molecule in solution is monitored. In SAXS, nanoscale
density differences in a sample can be quantified which determine nanoparticle size distributions,
resolve the size and shape of macromolecules, determine pore sizes, characteristic distances of
partially ordered materials, and much more. This is achieved by analyzing the elastic scattering
behavior of X-rays when travelling through the material, recording their scattering at small angles
(typically 0.1 - 10°, hence the "Small-angle" in its name). It belongs to the family of small-angle
scattering (SAS) techniques along with small-angle neutron scattering, and is typically done using
hard X-rays with a wavelength of 0.07 - 0.2 nm. Depending on the angular range in which a clear
scattering signal can be recorded, SAXS is capable of delivering structural information of
dimensions between 1 and 100 nm, and of repeat distances in partially ordered systems of up to
150 nm and can be extended on both sides by using Ultra Small Angle X-ray Scattering (USAXS)
and Wide-Angle X-ray Scattering (WAXS). USAXS (ultra-small angle X-ray scattering) can
resolve even larger dimensions, as the smaller the recorded angle, the larger the object dimensions
that are probed.

2.2 Principle
When the x-ray strikes bound electrons, these electrons oscillate and emit radiation at the
same frequency as the x-ray. The scattered waves from neighboring atoms also have the same
frequency producing “coherent scattering”. The constructive interference of these coherent waves
at the detector is related to the information of the structure of particles. We can obtain information
of particle morphology by analyzing the angle-dependent intensity of the scattering pattern. Like
electron microscopy, X-ray scattering makes use of the variation of a sample’s electron density to
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generate contrast. Both techniques provide complementary information; however, the former
yields real space images while the latter provides reciprocal space data.

2.3 Applications
SAXS is used for the determination of the microscale or nanoscale structure of particle
systems in terms of such parameters as averaged particle sizes, shapes, distribution, and surfaceto-volume ratio. The materials can be solid, or liquid and they can contain solid, liquid or gaseous
domains (so-called particles) of the same or another material in any combination. Not only
particles, but also the structure of ordered systems like fractal-like materials can be studied. The
method is accurate, non-destructive and usually requires only a minimum of sample preparation.
Applications are very broad and include colloids of all types, metals, cement, oil, polymers,
plastics, proteins etc.

2.4 SAXS instrumentation
In a SAXS instrument a monochromatic beam of X-rays is brought to a sample from which
some of the X-rays scatter, while most simply go through the sample without interacting with it.
The scattered X-rays form a scattering pattern which is then detected at a detector which is
typically a 2-dimensional flat X-ray detector situated behind the sample perpendicular to the
direction of the primary beam that initially hit the sample. The scattering pattern contains the
information on the structure of the sample. The major problem that must be overcome in SAXS
instrumentation is the separation of the weak scattered intensity from the strong main beam. The
smaller the desired angle, the more difficult this becomes. The problem is comparable to one
encountered when trying to observe a weakly radiant object close to the sun, like the sun's corona.
Only if the moon blocks out the main light source does the corona become visible. Likewise, in
SAXS the non-scattered beam that merely travels through the sample must be
blocked, without blocking the closely adjacent scattered radiation. Most available X-ray sources
19

produce divergent beams and this compounds the problem. In principle the problem could be
overcome by focusing the beam by collimation. Laboratory SAXS instruments can be divided into
two main groups: point-collimation and line-collimation instruments. Point-collimation
instruments have pinholes that shape the X-ray beam to a small circular or elliptical spot that
illuminates the sample. Thus, the scattering is centro-symmetrically distributed around the
primary X-ray beam and the scattering pattern in the detection plane consists of circles around the
primary beam. On the other hand, line-collimation instruments restrict the beam only in one
dimension (rather than two as for point collimation) so that the beam cross-section is a long but
narrow line. The illuminated sample volume is much larger compared to point-collimation and the
scattered intensity at the same flux density is proportionally larger.
A schematic diagram of the SAXS setup used in this work is shown in Figure 2.1.52 All
SAXS instruments contain an X-ray source, a collimation system, a sample holder, a beamstop
and a detector. The Cu x-ray source and optics produce a low-divergence, monochromatic beam,
collimation is used to make beam parallel, and the beam stop protects the detector from the high
intensity flux of unscattered x-rays and the detector records the scattering intensity.

Figure 2.1: Small angle X-ray Scattering instrumental arrangement53
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X-ray Source
A typical x-ray source for SAXS is a sealed x-ray tube, a rotating anode or a microfocus xray source. When higher photon flux or different wavelength is needed, synchrotron facilities are
used. Modern SAXS instruments often use a microfocus x-ray source. In our lab we use a special
type of microfocus source “GeniX 3D Cu High Flux”54. The X-ray source is copper with a
wavelength of 1.5419 Å (8.04 keV). In this source, electrons are focused in a small spot of 40 µm
on the anode which produces a narrow beam of divergence near 6mrad. The system power
consumption is 30 Watts with a 50 kV, 0.6 mA source.

Figure 2.2: GeniX 3D Cu High Flux
The collimation system
A collimation system is required in SAXS to control beam size and the divergence of
incoming beam. It is difficult to make a distinction between the relatively low scattering intensity
from sample and high intensity from direct beam if the divergence high. Either slits or pinholes
collimation system is used in SAXS. The X-rays that are produced by source are generally not
monochromatic. Multilayer optics is used to make the X-ray beam monochromatic and non21

divergent. These optics diffract X-rays of only one particular wavelength λ according to Bragg’s
law55. Bragg’s law gives a relationship between the angles θ at which an X-ray of wavelength λ

must fall on a crystal planes with separation d in order to get a constructive interference of scattered
waves. Bragg’s law is expressed as 2𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑛𝑛𝑛𝑛 , where n is an integer.

Figure 2.3: Bragg’s Law
There are normally two types of SAXS instrument depending upon the collimation system:
point-collimation and line-collimation. Point-collimation instruments have pinholes that shape the
beam to a small circular or elliptical spot. Only a small spot of the sample is illuminated. The beam
area in the sample is normally 0.3×0.3mm2. The line-collimation instruments confine the beam
only in one dimension, so that the beam profile is a long but narrow line. The illuminated sample
volume is much larger than in point collimation (about 50 to 100 times) and the scattered intensity
(at the same flux density) is therefore bigger by the same amount.
In our lab, we use scatterless hybrid metal-single-crystal slit with a large tilt angle which
practically eliminate parasitic scattering from slits56. This allows us to design SAXS instrument
much simpler using just two slits as shown in figure below.
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Figure 2.4: Schematic diagram of the hybrid slit-equipped SAXS instrument used in the
experiments.53

The sample holder
Sample holder must withstand various environments such as vacuum and change in
environment (pressure, temperature, strain and many others). This wide variation of parameters
makes it a challenge to have a single holder for all samples. Therefore, custom-made holders which
are variants of commercial setups are often necessary (Figure 2.5).

Figure 2.5: Sample holder in NICE2 lab. The right is the regular sample holder and the left is the
in-house sample holder for temperature dependent measurements.
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The beamstop
There are some detectors which may be damaged by high x-ray intensities. The strong signal
from beam can overshadow the relatively weak signal from the sample. To avoid this problem, a
beam stop is used. Normally two kind of beam stop are used. One kind consist of dense materials,
such as lead or tungsten, which blocks off the direct beam completely. The other type is made of
transparent materials which attenuate the beam to an intensity level that can be handled safely by
the detector. The advantage of a transparent beam stop is that the intensity of the direct beam is
monitored simultaneously with the sample scattering.

The detector
In SAXS instrument four types of detector are used. These are wire detectors, CCD detectors,
imaging plates and solid-state (or CMOS) detectors. The detector that we use is the type of solidstate detector names Dectris Pilatus 3R 200-A. It is ideal detector for a wide range of x-ray
application with sensitive area of 83.8 mm × 70.0 mm. The pixel size is small 172 µm × 172 µm.
They are inherently free of dark current and readout noise. The detector reads out complete images
within 7ms, allowing shutterless continuous acquisition if necessary.57
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Figure 2.6: Dectris Pilatus 3R 200-A
2.5 SAXS THEORY
The SAXS technique measures the differential scattering cross-section per unit volume
𝑑𝑑Ʃ(𝒒𝒒)
𝑑𝑑𝑑𝑑

, which is related to the Fourier transform of the electron density distribution of a material.

For a two-phase system consisting of 𝑁𝑁𝑝𝑝 identical non-interacting particles embedded in a

homogeneous medium contained in a volume V, this quantity is expressed as:
2

𝑁𝑁𝑝𝑝 �∫ ∆𝜌𝜌(𝒓𝒓)𝑒𝑒 −𝑖𝑖𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑�
𝑑𝑑Ʃ(𝒒𝒒)
−1
(𝑐𝑐𝑐𝑐 ) =
= 𝑛𝑛𝑝𝑝 𝑃𝑃(𝒒𝒒)
𝑑𝑑𝑑𝑑
𝑉𝑉

The vector q is the difference between the incoming and scattered wave vectors, ki and kf
respectively, each having a value

2𝜋𝜋
𝜆𝜆

𝑘𝑘� (λ is the x-ray wavelength). The magnitude of q is related

to the angle of scattering(2θ) with respect to the incident beam 58 by the relation: 𝑞𝑞 =
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4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
𝜆𝜆

.

The particle number density is 𝑛𝑛𝑝𝑝 = 𝑁𝑁𝑝𝑝 /𝑉𝑉. The quantity 𝐹𝐹(𝒒𝒒) = ∫ ∆𝜌𝜌(𝒓𝒓)𝑒𝑒 −𝑖𝑖𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑, also

known as the form factor amplitude, 59 is the Fourier transform of ∆𝜌𝜌(𝒓𝒓), and 𝑃𝑃(𝒒𝒒) = |𝐹𝐹(𝒒𝒒)|2 is

called the form factor. Here, ∆𝜌𝜌(𝒓𝒓) = 𝜌𝜌(𝒓𝒓) − 𝜌𝜌′ , where 𝜌𝜌(𝒓𝒓) and 𝜌𝜌′ are the scattering length
density (SLD) at position r and the mean scattering length density of the homogeneous medium,

respectively. For X-rays, the SLD is 𝑟𝑟𝑒𝑒 𝜌𝜌𝑒𝑒 (𝒓𝒓), where 𝑟𝑟𝑒𝑒 is the classical electron radius and 𝜌𝜌𝑒𝑒 (𝒓𝒓) is

the electron density at position r.

Within the resolution of the SAXS technique 𝜌𝜌(𝒓𝒓) is effectively a constant and 𝐹𝐹(𝒒𝒒) may

rewritten as: 𝐹𝐹(𝒒𝒒) = ∆𝜌𝜌 ∫ 𝑒𝑒 −𝑖𝑖𝑖𝑖𝑖𝑖 𝑑𝑑𝑑𝑑, so that the volume integral describes the shape of a
nanoparticle.

When the particles come closer, perhaps due to a concentration increase or an attractive
interaction, their relative interparticle distance may be spatially correlated. In order to account for
interparticle interference effects, each particle 𝑙𝑙 located at position 𝑟𝑟𝑙𝑙 and with corresponding
amplitude 𝐹𝐹𝑙𝑙 (𝒒𝒒), a phase factor 𝑒𝑒 −𝑖𝑖𝑖𝑖𝑟𝑟𝑙𝑙 must be multiplied to 𝐹𝐹𝑙𝑙 (𝒒𝒒). In this case,

as a sum over all particles normalized by the number of particles:
𝑁𝑁𝑝𝑝

𝑑𝑑Ʃ(𝒒𝒒)
1
(𝑐𝑐𝑐𝑐−1 ) = 𝑛𝑛𝑝𝑝
�� 𝐹𝐹𝑙𝑙 (𝒒𝒒)𝑒𝑒 −𝑖𝑖𝑖𝑖𝑟𝑟𝑙𝑙 �
𝑁𝑁𝑝𝑝
𝑑𝑑𝑑𝑑

2

𝑙𝑙=1

For identical particles the expression may be re-written as:
𝑁𝑁𝑝𝑝

1
𝑑𝑑Ʃ(𝒒𝒒)
(𝑐𝑐𝑐𝑐−1 ) = 𝑛𝑛𝑝𝑝 𝑃𝑃(𝒒𝒒) �� 𝐹𝐹𝑙𝑙 (𝒒𝒒)𝑒𝑒 −𝑖𝑖𝑖𝑖𝑟𝑟𝑙𝑙 �
𝑑𝑑𝑑𝑑
𝑁𝑁𝑝𝑝
𝑙𝑙=1
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2

𝑑𝑑Ʃ(𝒒𝒒)
𝑑𝑑𝑑𝑑

is described

1

𝑁𝑁𝑝𝑝

𝑁𝑁

The right side involving the sum is defined as the structure factor, 𝑆𝑆(𝒒𝒒) =
2

𝑝𝑝
�∑𝑙𝑙=1
𝑒𝑒 −𝑖𝑖𝑖𝑖𝑟𝑟𝑙𝑙 � , and describes spatial correlations between particles. For dilute, non-interacting

systems 𝑆𝑆(𝑞𝑞) = 1 and we recover the original description for non-interacting particles. Thus, in

the expression,

𝑑𝑑Ʃ(𝒒𝒒)
𝑑𝑑𝛺𝛺

= 𝑛𝑛𝑝𝑝 𝑃𝑃(𝑞𝑞)𝑆𝑆(𝑞𝑞),

𝑃𝑃(𝑞𝑞) describes the nanoparticle shape, and 𝑆𝑆(𝑞𝑞) describes interparticle interactions.
Physical meaning of Form Factor P(q) and Structure Factor S(q)
The scattering of one particle, which is made of many atoms, can be explained by the
interference pattern of scattering amplitudes from every electron inside a particle which occurs at
the detector plane. The measured intensity at the detector position is the square of these amplitudes
that results in an interference pattern. This pattern oscillates in a fashion that is characteristic for
the shape of the particle which is called form factor. The form factor describes individual particle
scattering, and different particle shapes will give a different form to 𝑃𝑃(𝑞𝑞).

When particle systems are densely packed, the distances relative to each other come into

the same order of magnitude as the distances inside the particles. The interference pattern will
therefore contain contributions from neighboring particles as well. Structure factor 𝑆𝑆(𝑞𝑞) considers

the interparticle interactions. This is useful in describing the nature of interaction between the
particles.
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Chapter 3: Experimental Method

The SAXS instrument, Xeuss 2.0 HR SAXS/WAXS system, in NICE2 Lab at The
University of Texas at El Paso was used for taking the scattering measurement.

Figure 3.1: Xeuss 2.0
One of the main features of Xeuss that is being used in NICE2 lab is a long and changeable
sample-to-detector distance which helps us to achieve very low qmin value down to 0.025nm-1 in
the ultimate configuration together with high angular resolution. It is equipped with a motorized
beamstop and variable aperture scatterless slits56. These components are fully controlled by
software for automatic optimization of flux and resolution, depending on experimental conditions.
We can perform both SAXS and WAXS measurement simultaneously with automatic merging of
data. It is equipped with a unique motorized and entirely software controlled virtual detector mode.
2D images taken at different detector positions are automatically recombined in order to obtain a
large effective detection.
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Figure 3.2: The Detector and the Sample Chamber of SAXS
3.1 SYSTEM CONTROL AND DATA ACQUISITION SOFTWARE
The Xeuss 2.0 control and data acquisition software interface specfe (based on SPEC from
Certified Scientific Software) enables the complete monitoring of data acquisition parameters.
Auto alignment of the complete beamline, automatic change of collimation, sample stages,
beamstop and detector settings are all available.

3.2 DATA PROCESSING AND ANALYSIS SOFTWARE
The data processing and analysis software (Foxtrot and Mantidplot) enable an easy
treatment of 2D and 1D data. The software allows easy processing of single or large sets of 2D
images, masking, subtracting and 1D integration in azimuthal or polar coordinates over the
complete pattern or on a predefined region of interest. Data files can easily be exported to most
advanced data analysis software packages such as SasView60 or ATSAS61.
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Figure 3.3: Steps of data processing and analyzing53
3.3 MATERIALS
Acquisition of Asphaltene sample was made possible by Dr. Russell Chianelli and Dr. Eva
Deemer from Department of Chemistry, University of Texas at El Paso. There were Two (2)
different types of Asphaltene sample1. Heptane extracted Asphaltene
2. Dodecane extracted Asphaltene

Figure 3.4: Asphaltene sample and solution sealed in a Kapton tube
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Several different solvents were used to make the solution of Asphaltene. Miscibility of
Asphaltene in a specific solvent were considered in terms of Hildebrand solubility parameter (δH)
to choose solvents for making Asphaltene solution.29 In reference to the following table, several
solvents were picked from different regions of Polarity like Toluene (Weakly Polar),
Tetrahydrofuran (THF) (Strongly Polar) etc.

Figure 3.5: Solvent Properties
Experimental endeavor was also put to choose the appropriate solvent for making
Asphaltene Solution. Many of the above listed solvents were tried to see if Asphaltene is miscible
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in our desired concentration range of 1 to 500 mg/ml. Benzene was chosen as a trial solvent for
making Asphaltene solution in the concentration range of 1 mg/ml to 100 mg/ml.
3.4 SAMPLE PREPARATION
Different concentrations of Asphaltene solution were prepared for each chosen solvent.
Starting from 1 mg/ml up to 500 mg/ml solution of Asphaltene in THF were prepared. For
Asphaltene in Benzene solutions, the concentration range was from 1 mg/ml to 100 mg/ml.
Different concentrations of Asphaltene in Toluene solution were also prepared. The mass of
Asphaltene was measured with a high precision scale. The solutions were made in a bigger glass
container and then were injected into the capillaries using labeled syringe.

Very small volume of sample (solution) is sufficient for doing SAXS measurements. So,
small capillaries (either glass capillaries or Kapton tubes) are perfect choice for my measurements.
One side open glass capillaries of approximate thickness of 100 and 150 mm were used. They were
sealed with hot glue once the solution was filled in the capillary. Kapton tubes were also used for
their better uniformity in the physical specifications. The two-side open Kapton tube were sealed
by epoxy in one side and when the sealing got dried and ready, the sample was put in the tube and
the other side were sealed by a custom-made screw system which made sure that the solution does
not get evaporated with time inside the vacuum sample chamber of the SAXS instrument. Despite
the difference in the capillary used, the appropriate backgrounds were subtracted to make sure that
the experiments on different solutions of Asphaltene can be compared and treated in the same
level.

32

Figure 3.6: Sample in glass capillaries sealed with hot glue (Left), Sample in Kapton tube sealed
with screw lock system (Right)

Figure 3.7: (Left) empty Kapton tube, (Middle) Sample inside tube, (Right) Placed inside the
sample chamber
Here is the list of capillary setups used for different measurements1. Asphaltene in Toluene: Kapton tubes were used with epoxy sealing.
2. Asphaltene in THF: A single 83 mm Kapton tube was used with the screw lock sealing.
Different concentrations of solution were achieved by evaporating the sample in an open
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tube placed in a vacuum oven for calculated time. More dense solutions were sonicated for
a specific time before putting into SAXS measurement. It is assumed that, as the volume
of the solution drops, the denser the solution becomes.
3. Asphaltene in Benzene: Glass capillaries of 150 and 100 mm were used to hold the sample
and a hot glue sealing was used. Consecutive measurements on the 40 mg/ml Asphaltene
in Benzene solution were done in a screw-lock sealed Kapton tube to compare the data
with the 40 mg/ml Asphaltene in THF consecutive run data.

3.5 SAMPLE MEASUREMENT
To get an information about each sample we need to obtain two sets of SAXS
measurements. The first measurement is of a background solution (Toluene, THF, Benzene etc.)
and the second is the measurement of sample with background (Asphaltene Solution). All
measurements were done in vacuum with sample-to-detector distance 1200 mm. Acquisition was
set to virtual detector mode and collimation to both high flux and high-resolution modes. The
exposure time for most of the samples were 1800 seconds. For Asphaltene in Benzene data, the
exposure time was 3600 seconds. All the data were normalized by time using the Python script of
MantidPlot.
Data reduction:
Raw data obtained from SAXS should be reduced before it is fitted. Data reduction is done
by using two software Foxtrot and MantidPlot. For full data reduction we need following raw data:
•

Scattering and direct beam of both sample and background.

•

Scattering and direct beam of empty container.
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•

Direct beam of empty container.

•

Scattering and direct beam of glassy carbon.
To obtain absolute intensity I(Q) from raw sample data we use following equation,
𝐼𝐼(𝑄𝑄)(𝑐𝑐𝑐𝑐−1 ) = 𝐴𝐴. �

𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ×𝑡𝑡

−

𝐼𝐼𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

�

1

𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ×𝑡𝑡 𝑑𝑑

(3.1)

Where, A is the absolute Intensity calibration which is a scaling factor obtained by
matching the original glassy carbon intensity with the glassy carbon intensity obtained
from the SAXS instrument, Isample is the raw intensity of sample, Ibuffer is the raw intensity
of buffer, trsample is the transmission of sample, trbuffer is the transmission of the buffer, t is
the exposure time and d is the sample thickness.
The transmission of sample or buffer is defined as,
𝑇𝑇 =

𝐼𝐼𝑠𝑠
= 𝑒𝑒 −µ𝑑𝑑
𝐼𝐼0

(3.2)

Here, 𝐼𝐼𝑜𝑜 is the incident intensity of X-ray, 𝐼𝐼𝑠𝑠 is the scattered intensity and µ is the linear
attenuation coefficient and d is the thickness of sample.

3.6 DATA REDUCTION USING FOXTROT AND MANTIDPLOT
Foxtrot is used to find the transmission of sample and buffer, and to convert 2D raw data
produced by instrument to 1D raw data. It can also be used to fully reduce 1D raw data, but
MantidPlot is preferred to perform this operation. This is because Foxtrot is a manual software
whereas MantidPlot uses python script which streamlines the data reduction process significantly.
MantidPlot is used to completely reduce the 1D raw data obtained from Foxtrot. The function like
absolute scaling calibration, normalizing the raw data by transmission and time are done by using
python script. In general, it will perform all the mathematical operation of equation 3.1.
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3.7 DATA FITTING
SASView is used for structural model fitting to the data. SASView is an open source data
analysis software developed for data small angle scattering data. For our research, the reduced data
is fitted using the combination of form factor (P(q)) and structure factor (S(q)). There exists
different possible option for both form factor and structure factor. In addition to this, if our data is
not fitted with the provided models we can customize our own model.

Chapter 4: Results

4.1 PRELIMINARY RESULTS: ASPHALTENE IN TOLUENE
The Intensity vs Scattering Vector (q) curve obtained for 0.5, 1, 5, 10, and 50 mg/ml
solution of Asphaltene with Toluene is shown below:

Figure 4.2: Variation of intensity with scattering vector (q) for different concentrations of
Asphaltene in Toluene
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4.2 MY RESULTS: ASPHALTENE IN TOLUENE

Variation of Intensity with Scattering Vector for 10 mg/ml Asphaltene (Dodecane extracted) in
Toluene is presented below:

Figure 4.3: Variation of Intensity with Scattering Vector for 10 mg/ml Asphaltene (Dodecane
extracted) in Toluene
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Variation of Intensity with Scattering Vector for Dodecane extracted Asphaltene powder
in q range= 0.01-0.8 Å⁻¹ is shown below:

Figure 4.4: Variation of Intensity with Scattering Vector for Dodecane extracted Asphaltene
powder in q range= 0.01-0.8 Å⁻¹
38

4.3 RESULTS: ASPHALTENE IN THF
Variation of Intensity with Scattering Vector for 1, 2, 5, 10, 20, 40, 100, 200, and 500 mg/ml
Asphaltene in THF solution is presented in the following graphs:

Figure 4.5: Variation of Intensity with Scattering Vector for 1, 2, and 5 mg/ml Asphaltene in
THF solution

Figure 4.6: Variation of Intensity with Scattering Vector for 10, 20, 40, 100, and 500 mg/ml
Asphaltene in THF solution
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Figure 4.7: Variation of Intensity with Scattering Vector for 1, 2, 5, 10, 20, 40, 100, and 500
mg/ml Asphaltene in THF solution
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Variation of Intensity with Scattering Vector for consecutive measurements on
40 mg/ml Asphaltene in THF:

Figure 4.8: Variation of Intensity with Scattering Vector for consecutive measurements on
40 mg/ml Asphaltene in THF
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Figure 4.9: Variation of Intensity with Scattering Vector for consecutive measurements on
40 mg/ml Asphaltene in THF

Figure 4.10: Variation of Intensity with Scattering Vector for consecutive measurements on
40 mg/ml Asphaltene in THF
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4.4 RESULTS: ASPHALTENE IN BENZENE
Concentration-dependent asphaltene SAXS measurements in benzene ranging from 1
mg/ml to 100 mg/ml were carried out using both High-Flux and High-Resolution mode. Variation
of Intensity with Scattering Vector for different concentrations of Asphaltene in Benzene plotted
in MantidPlots are summarized below:

Figure 4.11: Variation of Intensity with Scattering Vector for different concentrations of
Asphaltene in Benzene (High Resolution SAXS)
Asphaltene Nanostructure in Benzene
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NEW MEASUREMENTS
Comparison on the Variation of Intensity with Scattering Vector for two different 20 mg/ml
Asphaltene (same type) in Benzene (High Resolution SAXS) is shown below:

Figure 4.12: Comparison on the Variation of Intensity with Scattering Vector for two different
20 mg/ml Asphaltene (same type) in Benzene solution (High Resolution SAXS)
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Consecutive Runs on 40 mg/ml Asphaltene in Benzene solution

High Resolution SAXS
Variation of Intensity with Scattering Vector for consecutive 30 minutes measurements on 40
mg/ml Asphaltene in Benzene solution (in glass capillary) is shown below:

Figure 4.13: Variation of Intensity with Scattering Vector for consecutive 30 minutes
measurements on 40 mg/ml Asphaltene in Benzene solution (in glass capillary)
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Variation of Intensity with Scattering Vector for consecutive 30 minutes measurements on 40
mg/ml Asphaltene in Benzene (in Kapton tube) is shown below:

Figure 4.14: Variation of Intensity with Scattering Vector for consecutive 30 minutes
measurements on 40 mg/ml Asphaltene in Benzene (in Kapton tube)

Figure 4.15: Variation of Intensity with Scattering Vector for consecutive 30 minutes
measurements on 40 mg/ml Asphaltene in Benzene (in Kapton tube) in the lower q
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High Flux SAXS

Variation of Intensity with Scattering Vector for consecutive 30 minutes measurements
on 40 mg/ml Asphaltene in Benzene (in Kapton tube) is shown below:

Figure 4.16: Variation of Intensity with Scattering Vector for consecutive 30 minutes
measurements on 40 mg/ml Asphaltene in Benzene (in Kapton tube) (High Flux
SAXS)
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4.5 RESULTS: COMPARISON OF DIFFERENT SOLUTIONS OF ASPHALTENE

Comparison between the Variation of Intensity with Scattering Vector for same
concentrated solution of Asphaltene in Benzene and Asphaltene in THF (High Resolution SAXS)
is shown:

Figure 4.17: Comparison between the Variation of Intensity with Scattering Vector for 1 mg/ml
solution of Asphaltene in Benzene and Asphaltene in THF (High Resolution SAXS)
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Figure 4.18: Comparison between the Variation of Intensity with Scattering Vector for 2 mg/ml
solution of Asphaltene in Benzene and Asphaltene in THF (High Resolution SAXS)

Figure 4.19: Comparison between the Variation of Intensity with Scattering Vector for 5 mg/ml
solution of Asphaltene in Benzene and Asphaltene in THF (High Resolution SAXS)
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Figure 4.20: Comparison between the Variation of Intensity with Scattering Vector for 10 mg/ml
solution of Asphaltene in Benzene and Asphaltene in THF (High Resolution SAXS)

Figure 4.21: Comparison between the Variation of Intensity with Scattering Vector for 10 mg/ml
solution of Asphaltene in Benzene and Asphaltene in THF (High Flux SAXS)
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Figure 4.22: Comparison between the Variation of Intensity with Scattering Vector for 20 mg/ml
solution of Asphaltene in Benzene and Asphaltene in THF (High Resolution SAXS)

Figure 4.23: Comparison between the Variation of Intensity with Scattering Vector for 40 mg/ml
solution of Asphaltene in Benzene and Asphaltene in THF (High Resolution SAXS)
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Comparison between the Variation of Intensity with Scattering Vector for 100 mg/ml
solution of Asphaltene in Benzene and Asphaltene in THF (High Resolution SAXS) is shown:

Figure 4.24: Comparison between the Variation of Intensity with Scattering Vector for 40 mg/ml
solution of Asphaltene in Benzene and Asphaltene in THF (High Resolution SAXS)
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Chapter 5: Discussion and Conclusion

The scattering vector (q) has a unit of inverse distance. This means, low q region will give
an information of larger dimensions whereas high q region will give an information of small
dimensions. We can have a general idea about the information that we get from intensity curve by
observing the graph figure below.

Figure 5.1: Variation of scattering intensity vs scattering vector and range of information
covered.
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Guinier_Porod model:

The Beaucage51 model is used to analyze small-angle scattering (SAS) data from fractal
and particulate systems. It models the Guinier and Porod regions with a smooth transition between
them and yields a radius of gyration and a Porod exponent.

The Guinier model consists in a linear plot of log[I(Q)] versus Q2, where Q is the scattering
variable and I(Q) is the scattered intensity for compact objects. The slope is R g2=3,
where Rg is the radius of gyration of the scattering objects. A generalized Guinier plot (Glatter &
Kratky, 1982) is used to obtain the radii of gyration for nonspherical particles. The lowest-Q
Guinier region is always the standard one and yields the overall particle radius of gyration.

Figure 5.2: Extracting Radius of gyration from x-ray data62
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The Porod plot consists of a linear plot of log[I(Q)] versus log(Q). The slope is the Porod
exponent (also referred to as power law). This exponent points to either mass fractals (Teixeira,
1988) or surface fractals (Bale & Schmidt, 1984). Fractals are self-similar structures that appear
analogous at different length scales.

Figure 5.3: Extracting scaling exponent parameter from x-ray data62
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Figure 5.4: Mass-Fractal Objects63

Figure 5.5: Porode Slope for Fractals63
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5.1 ASPHALTENE IN TOLUENE
Fitted Data with Mass Fractal Model
Table 5.1: Model parameters of 10 mg/ml Asphaltene in Toluene fitted data
Asph10mg-ml_Tol.dat

File name: Asph10mg-ml_Tol.dat

Model name: mass_fractal

Q Range: min = 0.011, max = 0.25

Chi2/Npts = 1.1732

scale = 0.00098693 +- 3.8742e-05

background = 0.0017705 +- 0.00025755 1/cm

radius = 13.372 +- 0.31379 Ang

fractal_dim_mass = 1.654 +- 0.014884

cutoff_length = 77.048 +- 2.1007 Ang

Graph

Figure 5.6: Mass Fractal fitted data and residuals of 10 mg/ml Asphaltene in Toluene Solution
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Table 5.2: Model parameters of 50 mg/ml Asphaltene in Toluene fitted data
Asph 50mg-ml_Tol.dat

File name: Asph50mg-ml_Tol.dat

Model name: mass_fractal

Q Range: min = 0.011, max = 0.25

Chi2/Npts = 4.6542

scale = 0.0080345 +- 0.00011872

background = 0.023212 +- 0.00031672 1/cm

radius = 14.215 +- 0.077345 Ang

fractal_dim_mass = 1.5271 +- 0.0060715

cutoff_length = 59.873 +- 0.59018 Ang

Graph

Figure 5.6: Mass Fractal fitted data and residuals of 50 mg/ml Asphaltene in Toluene Solution
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Preliminary results show that the model describes the data over a large part of the data
range. The graph obtained from the reduced data shows the intensity variations over a range of Q
values which moderately fits with the mass fractal model. More scattering occurs for a higher
concentrated solution having lower Q values and the curvature of the graph determines the radius,
mass fractal dimension and some other important parameters.

 In all of the Toluene samples we have been fitting, a sudden dip is apparent as size increases
 We assume this may be due to aggregation of the Asphaltene samples, but we find the
higher the concentration, the more severe the dip
 For lines with no “hump,” it seems that an Elliptical Cylinder shape fits well, but with an
extreme length

Figure 5.7: Mass Fractal Fitted Data of the Intensity vs Scattering Vector (q) curves obtained for
1, 5, 10, and 50 mg/ml solution of Asphaltene with Toluene
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Figure 5.8: Residuals of Mass Fractal fitted data of the Intensity vs Scattering Vector (q) curves
obtained for 1, 5, 10, and 50 mg/ml solution of Asphaltene with Toluene

Table 5.3: Mass Fractal parameters of different concentrations of Asphaltene in Toluene solution

So far, the mass fractal model seems to adequately describe the nanostructure of asphaltene
even though the elementary components are still under investigation. Usually, a mass fractal model
is used when a material grows a structural network. The varying cutoff length, stable radius
measurements, and the growing fractal dimension mass all suggest that at a certain chain length,
the asphaltene begin to collapse onto themselves to form a larger mass.
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Table 5.4: List of Mass Fractal parameters of different concentrations of Asphaltene in Toluene.
Sample
Asph_0.5mg-ml_Tol
Asph_1.0mg-ml_Tol
Asph_5.0mg-ml_Tol
Asph_10mg-ml_Tol
Asph_50mg-ml_Tol
Asph_50mg-ml_DCB

Radius
13.3
13.3
13.3
13.3
13.3
13.3

Mass Fractal Dimension
1.6539
1.8132
1.6966
1.6566
1.5882
1.2289

Different mass fractal network for heptane and dodecane extracted asphaltene in Toluene:

Figure 5.9: Comparison between 10 mg/ml Heptane (green curve) and Dodecane (blue curve)
extracted Asphaltene in Toluene Solution
Here is a quantitative comparison between two different kind of Asphaltene (heptane &
dodecane extracted) both in 10 mg/ml solution in toluene. The difference in the mass-fractal
parameters such as radius, fractal dimensions etc. are clearly due to the difference of the graph
shown (up) which puts light to the nature of self-aggregation and formation of chain-length
between different types of Asphaltenes in solution.

Table 5.5: Mass Fractal parameters of 10 mg/ml solution of different types of Asphaltene in
Toluene.
61

Figure 5.10: Mass Fractals classification

Now, comparing the fractal dimension of two kinds of Asphaltene solution of the same
concentration level from table 5.5 with the above figure 5.10 we can conclude that, the heptane
extracted asphaltene solution (green curve) forms Gaussian chain network while the dodecane
extracted asphaltene solution (blue curve) shows swollen chain network.
Additional measurements were taken with a Dichlorobenzene solvent, but all were
inconclusive barring the 50 mg/ml data shown below. The mass fractal model could not be fit.
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Figure 5.11: Comparison between 50 mg/ml Asphaltene in Toluene solution with 50 mg/ml
Asphaltene in Dichlorobenzene solution

From the continuation of the previous studies on asphaltenes by my group members, I can
summarize the observation that a single branching chain of un-collapsed asphaltenes is only made
up of one or two particles. This may explain why the material aggregates so quickly and so
effectively. Moreover, the dimensionality of asphaltenes also increases linearly with concentration
ratios.
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My Data: Asphaltene in Toluene
Variation of Intensity with Scattering Vector for 10 mg/ml Asphaltene (Dodecane
extracted) in Toluene solutions along with the respective Unified Power Rg fitted curves are shown
below:
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Figure 5.12: Unified Power Rg model fitted Variation of Intensity with Scattering Vector for 10
mg/ml Asphaltene (Dodecane extracted) in Toluene solutions

Table 5.4: List of Unified Power Rg parameters of 10 mg/ml Asphaltene (Dodecane extracted) in
Toluene solution
Sample
Asph in Toluene 10 mg/ml Dodecane extracted 2

Model
Rg1

q Range
0.01-0.3

Rg1

Asph in Toluene 10 mg/ml Dodecane extracted 3

Asph in Toluene 10 mg/ml Dodecane extracted 4

scale
1

background
0

rg1
35.36

rg1_err
6.7

power1
1.96

power1_err
0.050775

B1
B1_err
0.00234 0.000203

G1
3.49

G1_err
2.8759

0.01-0.4

scale
1

background
0

rg1
33.83

rg1_err
5.02

power1
1.9

power1_err
B1
B1_err
0.039361 0.002601 0.00017

G1
3.02

G1_err
1.8553

Rg1

0.01-0.3

scale
1

background
0

rg1
28.03

rg1_err
4.68

power1
2.12

power1_err
B1
B1_err
0.085893 0.001776 0.000233

G1
1.44

G1_err
0.62175

Rg1

0.01-0.3

scale
1

background
0

rg1
28.04

rg1_err
4.69

power1
2.12

power1_err
B1
B1_err
0.085888 0.001776 0.000233

G1
1.44

G1_err
0.622
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Residuals for 10 mg/ml Dodecane extracted Asphaltene in Toluene (from SAXS) is shown:

Figure 5.13: Residuals for Unified Power Rg fitted data of 10 mg/ml Dodecane extracted
Asphaltene in Toluene (from SAXS)
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Variation of Intensity with Scattering Vector for Asphaltene (Dodecane extracted) powder:

Figure 5.14: Unified Power Rg fitting for the Variation of Intensity with Scattering Vector for
Asphaltene (Dodecane extracted) powder
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Table 5.5: List of Unified Power Rg parameters of Asphaltene (Dodecane extracted) powder
Sample
Asph Powder_dodecane Extracted 2

Model q Range
Rg1 0.06-0.6

scale
1

background
0

rg1
10.34

rg1_err power1 power1_err
B1
B1_err
0.03
2.38
0.01
0.03724 0.00047

G1
4.61

G1_err
0.016

Asph Powder_dodecane Extracted 3

Rg1

0.06-0.6

scale
1

background
0

rg1
10.31

rg1_err power1 power1_err
B1
B1_err
0.03
2.37
0.01
0.03708 0.00047

G1
4.58

G1_err
0.016

Asph Powder_dodecane Extracted 4

Rg1

0.06-0.6

scale
1

background
0

rg1
10.29

rg1_err power1 power1_err
B1
B1_err
0.02
2.34
0.01
0.03879 0.00049

G1
4.59

G1_err
0.016

Residuals for Dodecane extracted Asphaltene Powder is presented below:

Figure 5.15: Residuals for Unified Power Rg fitted data of Dodecane extracted Asphaltene
Powder
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5.2 ASPHALTENE IN THF
The experimental data has been fit with several models including the Unified Power Law
and the Ellipsoidal/Spherical Hayter Mean Spherical Approximation models to compare their
output parameters and develop a consistent view of asphaltene hierarchical structure.
Fitted with Ellipsoid Model:

Figure 5.16: Ellipsoid model fitted curve for variation of Intensity with Scattering Vector of 40
mg/ml solution of Asphaltene in THF.

Table 5.6: Ellipsoidal model parameters of 40 mg/ml solution of Asphaltene in THF
Asph in
THF_40
mg/ml
scale

Ellipsoidal
Model

0.0010261

9.07E-06

scale_err

backgroun
d
0.000862

sld
4

sld:solven
t
1
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radius_
polar
194.59

radius_
polar_err
45.44

radius_
equatorial
14.32

radius_
equatorial_err
0.07

Figure 5.17: Ellipsoidal model fitted curve for variation of Intensity with Scattering Vector of
100 mg/ml solution of Asphaltene in THF.

Table 5.7: Ellipsoidal model parameters of 100 mg/ml solution of Asphaltene in THF
Asph in
THF_100
mg/ml
scale
0.002095
2

ellipsoidal

backgroun
d
0.001746

background_
err
3.21E-05

sld
4

sld_
solvent
1
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radius
polar
2294.
3

radius_
polar_err
261.4

radius_
equatorial
13.6

radius_
equatorial_err
0.05

Fitted with Power Law Model:
Power law model fitted curves for Variation of Intensity with Scattering Vector of 1,2, and 5
mg/ml Asphaltene in THF is presented below:

Figure 5.18: Power law model fitted curve for Variation of Intensity with Scattering Vector of 1
mg/ml Asphaltene in THF

Table 5.8: Power Law model parameters of 1 mg/ml solution of Asphaltene in THF
1 mg/ml
scale
1.41E-11

power law
scale_err
1.69E-12

background background_err power power_err
0.0013194
9.28E-05
5.22
0.03
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Figure 5.19: Power law model fitted curve for Variation of Intensity with Scattering Vector of 2
mg/ml Asphaltene in THF

Table 5.9: Power Law model parameters of 2 mg/ml solution of Asphaltene in THF
2 mg/ml
scale
1.55E-08

power law
scale_err
6.46E-10

background background_err power
0.00057567 3.73E-05
3.67
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power_err
0.01

Figure 5.20: Power law model fitted curve for Variation of Intensity with Scattering Vector of 5
mg/ml Asphaltene in THF

Table 5.10: Power Law model parameters of 5 mg/ml solution of Asphaltene in THF
5 mg/ml
scale
2.04E-09

power law
scale_err
2.44E-10

background background_err
0.0026001
8.18E-05
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power
3.99

power_err
0.03

Fitted by Unified_Power_Rg Model:

Figure 5.21: Unified Power Rg model fitted curve for Variation of Intensity with Scattering
Vector of 10 mg/ml Asphaltene in THF

Table 5.11: Unified_Power_Rg model parameters of 10 mg/ml solution of Asphaltene in THF
10 mg/ml
scale
1

background
rg1
rg1_err power1 power1_err
B1
0
8125.8 1.00E+08
4.61
0.21
5.10E-10

B1_err
4.78E-10
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G1
0

rg2
137.21

rg2_err power2 power2_err
B2
B2_err G2 G2_err
4.39
2.01
0.02
1.43E-05 8.17E-07 0.34 0.05

Figure 5.22: Unified Power Rg model fitted curve for Variation of Intensity with Scattering
Vector of 20 mg/ml Asphaltene in THF

Table 5.12: Unified_Power_Rg model parameters of 20 mg/ml solution of Asphaltene in THF
20 mg/ml
scale
1

background
rg1
rg1_err power1 power1_err
B1
0
8125.8 1.00E+08
3.62
0.03
2.75E-08

B1_err
3.37E-09
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G1
0

rg2
43.52

rg2_err power2 power2_err
B2
B2_err G2 G2_err
1.34
2.34
0.03
2.36E-05 1.57E-06 0.04 0.002

Figure 5.23: Unified Power Rg model fitted curve for Variation of Intensity with Scattering
Vector of new 20 mg/ml Asphaltene in THF solution

Table 5.13: Unified_Power_Rg model parameters of new 20 mg/ml solution of Asphaltene in
THF
20 mg/ml New
scale
background
rg1
rg1_err power1 power1_err
B1
1
0
8125.8 1.00E+08
3.37
0.08
2.70E-08

B1_err
9.33E-09
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G1
0

rg2
32.46

rg2_err power2 power2_err
B2
B2_err G2 G2_err
0.68
5.01
0.23
5.88E-08 2.63E-08 0.02 7E-04

Figure 5.24: Unified Power Rg model fitted curve for Variation of Intensity with Scattering
Vector of 40 mg/ml Asphaltene in THF

Table 5.14: Unified_Power_Rg model parameters of 40 mg/ml solution of Asphaltene in THF
40 mg/ml
scale
1

background
rg1
rg1_err power1 power1_err
B1
0
2234.5 1.00E+08
4.65
0.05
1.75E-10

B1_err
3.81E-11
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G1
0

rg2
40.84

rg2_err power2 power2_err
B2
B2_err G2 G2_err
0.5
2.54
0.02
3.34E-05 1.29E-06 0.08 8E-04

Fitted parameters of the variation of Intensity with Scattering Vector for consecutive
measurements on 40 mg/ml Asphaltene in THF is shown below:
No. of Run Time in Mins

power1

power1_err power2 power2_err power1+power2

B1

B2

rg2

G2

1

30

4.65

0.05

2.54

0.02

7.19

1.75E-10

3.34E-05

40.84

0.07686

2

60

3.42

0.11

2.65

0.03

6.07

1.53E-08

2.82E-05

37.83

0.0716

3

90

3.41

0.11

2.66

0.03

6.07

1.48E-08

2.83E-05

37.89

0.07169

4

120

3.37

0.11

2.67

0.03

6.04

1.70E-08

2.82E-05

37.12

0.07017

5

150

3.53

0.13

2.64

0.02

6.17

7.38E-09

2.98E-05

37.62

0.07096

6

180

3.59

0.13

2.55

0.02

6.14

5.45E-09

3.56E-05

39.96

0.07394

7

210

2.11

0.07

3.22

0.05

5.33

5.86E-06

1.28E-05

25.83

0.04778

8

240

1.45

0.05

3.79

0.12

5.24

0.00012896

6.06E-06

20

0.03126

9

270

1.19

0.04

3.86

0.18

5.05

0.00041572

6.36E-06

17.61

0.02251

10

300

1.03

0.04

3.86

0.32

4.89

0.00094692

7.18E-06

15.7

0.01492

11

330

1.29

0.05

3.79

0.15

5.08

0.00026323

6.81E-06

18.47

0.02625

12

360

1.25

0.04

3.96

0.18

5.21

0.00033185

5.51E-06

17.74

0.02417

13

390

1.62

0.05

3.52

0.089533

5.14

6.27E-05

1.02E-05

19.9

0.03342

Table 5.15: Unified Power Rg model parameters of consecutive measurements of 40 mg/ml
solution of Asphaltene in THF
Time in Mins

Power 1

Power 2

B1

rg2

G2

30

4.65

2.54

1.75E-10

40.84

0.07686

60

3.42

2.65

1.53E-08

37.83

0.071603
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3.41

2.66

1.48E-08

37.89

0.071691

120

3.37

2.67

1.70E-08

37.12

0.07017

150

3.53

2.64

7.38E-09

37.62

0.070962

180

3.59

2.55

5.45E-09

39.96

0.07394

210

2.11

3.22

5.86E-06

25.83

0.047775

240

1.45

3.79

0.00012896

20

0.031256

270

1.19

3.86

0.00041572

17.61

0.022509

300

1.03

3.86

0.00094692

15.7

0.014917

330

1.29

3.79

0.00026323

18.47

0.026245

360

1.25

3.96

0.00033185

17.74

0.024172

390

1.62

3.52

6.27E-05

19.9

0.033421
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Figure 5.25: Variation of Power parameters with evolving time for consecutive measurements of
40 mg/ml Asphaltene in THF solution

Variation of B1 with evolving time for a specific 40
mg/ml sample of Asphaltene in THF
1.20E-03
1.00E-03

B1

8.00E-04
6.00E-04
4.00E-04
2.00E-04
0.00E+00
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Figure 5.26: Variation of B1 parameter with evolving time for consecutive measurements of 40
mg/ml Asphaltene in THF solution
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rg2

Variation of rg2 with evolving time for a specific 40
mg/ml sample of Asphaltene in THF
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Figure 5.27: Variation of rg2 parameter with evolving time for consecutive measurements of 40
mg/ml Asphaltene in THF solution

G2

Variation of G2 with evolving time for a
specific 40 mg/ml sample of Asphaltene in
THF
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Figure 5.28: Variation of G2 parameter with evolving time for consecutive measurements of 40
mg/ml Asphaltene in THF solution

80

Unified Power Rg model fitted curve for variation of Intensity with Scattering Vector of 100,
200, and 500 mg/ml Asphaltene in THF is shown below:

Figure 5.29: Unified Power Rg model fitted curve for Variation of Intensity with Scattering
Vector of 100 mg/ml Asphaltene in THF

Table 5.16: Unified_Power_Rg model parameters of 100 mg/ml solution of Asphaltene in THF
100 mg/ml
scale
1

background
rg1
rg1_err power1 power1_err
B1
0
8125.8 1.00E+08
3.14
0.07
1.24E-07

B1_err
3.79E-08
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G1
0

rg2
33.33

rg2_err power2 power2_err
B2
B2_err G2 G2_err
0.39
2.65
0.02
5.91E-05 2.18E-06 0.12 0.001

Simulation scheme for Nano-structure of Asphaltene in Solution

Procedure:
The reduced data (.dat files) were taken to primus qt in the ATSAS package and analyzed
using the Dammif function. Dammif is a "program for rapid ab-initio shape determination in smallangle scattering". After imputing the files in Dammif, a number of files including a pdb (protein
data base) file is produced. The pdb was then taken to VMD which is a software that is able to
read .pdb files. Keep in mind that in order to get a good idea of what the particles look like, it is
necessary to run this process more than 10 times and average the results.

The structure of the NA found in different concentrations of Asphaltene solution from the
simulation package are presented appropriately.
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Figure 5.30: Simulated Nano-structure of 100 mg/ml Asphaltene in THF

Table 5.17: Parameters from Simulated data of 100 mg/ml Asphaltene in THF
Title: Asphaltene_THF_100mgml
Maximum particle diameter [Angstrom]: 265
Minimum s [1/Angstrom]: 0.00

Angular units: angstrom
Radius of gyration [Angstrom]: 5.8
Maximum s [1/Angstrom]: 0.144

Configured as:
Shape class: extended
Approx. shape dimension (ri): 0.00
Approx. shape dimension (ro): 25.5
Approx. shape dimension (h): 255
Dummy atom radius: 3.60
Number of spherical harmonics: 30
Proportion of the curve to be fitted: 1.00
Maximum s [1/Angstrom]: 0.144
Number of shannon channel: 13
Number of supporting points in spline
Probability that the spline approx. fits the
approx.: 14
data: 0.827
Weighting function: emphasised porod
Probability that the model fits the data:
0.125E-01
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Figure 5.31: Unified Power Rg model fitted curve for Variation of Intensity with Scattering
Vector of 200 mg/ml Asphaltene in THF

Table 5.18: Unified_Power_Rg model parameters of 200 mg/ml solution of Asphaltene in THF
200 mg/ml
scale
1

background
rg1
rg1_err power1 power1_err
B1
0
8125.8 1.00E+08
3.76
0.04
7.09E-09

B1_err
1.23E-09
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G1
0

rg2
28.4

rg2_err power2 power2_err
B2
B2_err G2 G2_err
0.1
2.6
0.02
9.32E-05 2.91E-06 0.03 2E-04

Figure 5.32: Unified Power Rg model fitted curve for Variation of Intensity with Scattering
Vector of 500 mg/ml Asphaltene in THF

Table 5.19: Unified_Power_Rg model parameters of 500 mg/ml solution of Asphaltene in THF
500 mg/ml
scale
1

background
rg1
rg1_err power1 power1_err
B1
0
8125.8 1.00E+08
4.96
0.03
8.13E-11

B1_err
1.02E-11

G1
0

rg2
36.87

rg2_err power2 power2_err
B2
B2_err G2 G2_err
0.07
2.28
0.004
0.00037 3.16E-06 0.15 3E-04

Table 5.20: Parameter of Unified_Power_Rg Fitted Data for Asphaltene in THF with different
concentration
Concentration
of Asph/THC
10 mg/ml

power1

power1.err

power2

power2.err

4.61

0.21

2.01

0.02

137.2

0.34

1.43E-05

20 mg/ml

3.37

0.08

2.34

0.04

43.52

0.04

2.36E-05

20 mg/ml New

3.62

0.03

5.01

0.23

32.46

0.02

5.88E-08

40 mg/ml

4.65

0.05

2.54

0.02

40.84

0.08

3.34E-05

100 mg/ml

3.14

0.07

2.65

0.02

33.33

0.12

5.91E-05

200 mg/ml

3.76

0.04

2.59

0.02

28.39

0.03

9.32E-05

500 mg/ml

4.96

0.03

2.28

0.01

36.87

0.15

0.000373

85

rg2

G2

B2

Table 5.21: Power Parameters of Unified_Power_Rg Fitted Data for Asphaltene in THF with
different concentration
Concentration of Asph/THC
10 mg/ml
20 mg/ml
20 mg/ml New
40 mg/ml
100 mg/ml
200 mg/ml
500 mg/ml

power1
4.61
3.37
3.62
4.65
3.14
3.76
4.96

power1_err
0.21
0.08
0.03
0.05
0.07
0.04
0.03

power2
2.01
2.34
5.01
2.54
2.65
2.59
2.28

power2_err
0.02
0.04
0.23
0.02
0.02
0.02
0.01

Relation of Power2 with concentration level of
Asphaltene in THF (fitted with Unified_Power_Rg
Model)
3

Power2

2.5
2
1.5
1
0.5
0

0

1

2

3

4

5

6

7

Concentration of Asph/THC

Figure 5.33: Plot for variation of power parameters of Unified_Power_Rg Fitted Data for
Asphaltene in THC with different concentration
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Table 5.22: rg2, G2, B2 parameters of Unified_Power_Rg Fitted Data for Asphaltene in THC
with different concentration
Concentration of Asph/THC
10 mg/ml
20 mg/ml
40 mg/ml
100 mg/ml
200 mg/ml
500 mg/ml

rg2
137.21
43.518
40.839
33.33
28.399
36.873

rg2_err
4.39
1.34
0.5
0.39
0.1
0.07

G2
0.34098
0.044434
0.07686
0.11866
0.027674
0.14804

G2_err
0.05
0.002
0.0008
0.001
0.0002
0.0003

B2
1.43E-05
2.36E-05
3.34E-05
5.91E-05
9.32E-05
0.00037277

B2_err
8.17E-07
1.57E-06
1.29E-06
2.18E-06
2.91E-06
3.16E-06

Relation of rg2 with concentration level of Asphaltene in
THF (fitted with Unified_Power_Rg Model)
180
160
140

137.21

RG2

120
100
80
60
43.518

40

40.839

20
0

10 mg/ml

20 mg/ml

40 mg/ml

36.873

33.33

28.399

100 mg/ml

200 mg/ml

500 mg/ml

CONCENTRATION OF ASPH/THF
6.00E-04Relation

G2

0.5
0
-0.5

B2

Relation of G2 with
concentration level of
Asphaltene in THF (fitted with
Unified_Power_Rg Model)

of B2 with
concentration level of
4.00E-04
Asphaltene in THF (fitted
2.00E-04
with Unified_Power_Rg…
0.00E+00
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Figure 5.34: Plot for variation of level 2 parameters (rg2, B2 and G2) of Unified Power Rg Fitted
Data for Asphaltene in THC with different concentrations
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Residuals (Normalized) of Unified Power Rg Fitted Data for Asphaltene in THC with different
concentrations solution is shown below:

Figure 5.35: Residuals (Normalized) of Unified Power Rg Fitted Data of different concentrations
of Asphaltene in THF solution
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Fitted by Power Law/ Hybrid Power Law
Relation of Power parameter with different
concentrations of Asphaltene in THF (fitted
with Power Law Model)

Power
5.22
3.62
3.49
2.84
1.76
1.35

6

Power

Concentration of Asph/THC
1 mg/ml
2 mg/ml
5 mg/ml
20 mg/ml
40 mg/ml
100 mg/ml

4

5.2157

3.6215 3.498
2.8419
2
1.7586 1.3462
y = -0.7312x + 5.6062
0
1
2
5
20
40
100
mg/ml mg/ml mg/ml mg/ml mg/ml mg/ml

Concentrations of Asphaltene in THF

Figure 5.36: Table and plot for power parameter with different concentrations of Asphaltene in
THF (Fitted by Power Law/ Hybrid Power Law)

Power law_ellipsoid_hayter msa model fitted parameters:

Table 5.23: Power law_ellipsoid_hayter msa model fitted parameters for Asphaltene in THC
with different concentration
Concentration of Asph/THC
10 mg/ml
20 mg/ml
20 mg/ml new
40 mg/ml
100 mg/ml

A_radius
22
22
34.476
21.505
26.615

89

B_radius_effective B_volfraction
6.0114
0.036
6.0114
0.036
15.458
0.019014
6.0124
0.036
4.52E+06
0.0016602

5.3 ASPHALTENE IN BENZENE
Variation of Intensity with Scattering Vector of different concentrations of Asphaltene in
Benzene with fitted curve with Unified Power Rg model are presented here along with simulated
structure found (where available) for the Asphaltene NA for that concentration of solution.

Figure 5.37: Unified Power Rg model Fitted curve for Variation of Intensity with Scattering
Vector of 1 mg/ml Asphaltene in Benzene

Table 5.24: Unified Power Rg model parameters of 1 mg/ml solution of Asphaltene in Benzene
1 mg/ml

q=0.02-0.2

scale background
1
0

rg1
50.15

rg1_err
4.65
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power1 power1_err
B1
B1_err
G1
G1_err
2.32
0.14
2.39E-05 7.41E-06 0.05962 0.0055

Figure 5.38: Simulated Nano-structure of 1 mg/ml Asphaltene in Benzene
Table 5.25: Parameters from Simulated data of 1 mg/ml Asphaltene in Benzene
Title: Asphaltene_Benzene_1mgml_hresol

Angular units: angstrom

Maximum particle diameter [Angstrom]: 149.

Radius of gyration [Angstrom]: 45.4

Minimum s [1/Angstrom]: 0.00

Maximum s [1/Angstrom]: 0.192
Configured as:

Shape class: random-chain

Approx. shape dimension (ri): 0.00

Approx. shape dimension (ro): 58.6

Approx. shape dimension (h): 0.00

Dummy atom radius: 4.20

Number of spherical harmonics: 15

Proportion of the curve to be fitted: 1.00

Maximum s [1/Angstrom]: 0.192

Number of shannon channels: 10

No. of supporting points in spline approx.: 10

Probability that the spline approx. fits the

Weighting function: emphasised porod

data: 0.296E-04
Probability that the model fits the data: 0.909
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Figure 5.39: Unified Power Rg model Fitted curve for Variation of Intensity with Scattering
Vector of 2 mg/ml Asphaltene in Benzene

Table 5.26: Unified Power Rg model parameters of 2 mg/ml solution of Asphaltene in Benzene
2 mg/ml

q=0.02-0.2

scale background
1
0

rg1
49.8

rg1_err
2.41
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power1 power1_err
B1
B1_err
G1
G1_err
2.21
0.07
4.77E-05 7.87E-06 0.09633 0.005

Figure 5.40: Simulated Nano-structure of 2 mg/ml Asphaltene in Benzene
Table 5.27: Parameters from Simulated data of 2 mg/ml Asphaltene in Benzene
Title: Asphaltene_Benzene_2mgml

Angular units: angstrom

Maximum particle diameter [Angstrom]: 144.

Radius of gyration [Angstrom]: 49.0

Minimum s [1/Angstrom]: 0.00

Maximum s [1/Angstrom]: 0.136
Configured as:

Shape class: random-chain

Approx. shape dimension (ri): 0.00

Approx. shape dimension (ro): 63.2

Approx. shape dimension (h): 0.00

Dummy atom radius: 4.50

Number of spherical harmonics: 15

Proportion of the curve to be fitted: 1.00

Maximum s [1/Angstrom]: 0.136

Number of shannon channels: 7

Number of supporting points in spline
approx.: 9

Probability that the spline approx. fits the

Weighting function: emphasised porod

data: 0.800
Probability that the model fits the data: 0.800
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Figure 5.41: Unified Power Rg model Fitted curve for Variation of Intensity with Scattering
Vector of 5 mg/ml Asphaltene in Benzene

Table 5.28: Unified Power Rg model parameters of 5 mg/ml solution of Asphaltene in Benzene
5 mg/ml

q=0.015-0.5

scale background
1
0

rg1
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rg1_err
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Figure 5.42: Simulated Nano-structure of 5 mg/ml Asphaltene in Benzene
Table 5.29: Parameters from Simulated data of 5 mg/ml Asphaltene in Benzene
Title: Asphaltene_Benzene_5mgml_hresol
Angular units: angstrom

Maximum particle diameter [Angstrom]: 186.

Radius of gyration [Angstrom]: 60.5

Minimum s [1/Angstrom]: 0.00

Maximum s [1/Angstrom]: 0.111
Configured as:
Shape class: random-chain

Approx. shape dimension (ri): 0.00

Approx. shape dimension (ro): 78.1

Approx. shape dimension (h): 0.00

Dummy atom radius: 5.60

Number of spherical harmonics: 15

Proportion of the curve to be fitted: 1.00

Maximum s [1/Angstrom]: 0.111

Number of shannon channels: 7

No. of supporting points in spline approx.: 10

Probability that the spline approx. fits the

Weighting function: emphasised porod

data: 0.460
Probability that the model fits the data: 0.728
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Figure 5.43: Unified Power Rg model Fitted curve for Variation of Intensity with Scattering
Vector of 10 mg/ml Asphaltene in Benzene

Table 5.30: Unified Power Rg model parameters of 10 mg/ml solution of Asphaltene in Benzene
10 mg/ml

q=0.015-0.5

scale background
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Figure 5.44: Simulated Nano-structure of 10 mg/ml Asphaltene in Benzene
Table 5.31: Parameters from Simulated data of 10 mg/ml Asphaltene in Benzene
Title: Asphaltene_Benzene_10mgml_hresol
Angular units: angstrom

Maximum particle diameter [Angstrom]: 146.

Radius of gyration [Angstrom]: 50.4

Minimum s [1/Angstrom]: 0.00

Maximum s [1/Angstrom]: 0.132

Probability that model fits the data: 0.105E01
Configured as:

Shape class: random-chain

Approx. shape dimension (ri): 0.00

Approx. shape dimension (ro): 65.1

Approx. shape dimension (h): 0.00

Dummy atom radius: 4.70

Number of spherical harmonics: 15

Proportion of the curve to be fitted: 1.00

Maximum s [1/Angstrom]: 0.132

Number of shannon channels: 7

No. of supporting points in spline approx.: 10

Probability spline apprx fits data: 0.105E-01

Weighting function: emphasised porod
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Variation of Intensity with Scattering Vector for 20 mg/ml Asphaltene in Benzene in q
range= 0.01-0.8 Å⁻¹ is shown:

Figure 5.45: Unified Power Rg model Fitted curve for Variation of Intensity with Scattering
Vector of 20 mg/ml Asphaltene in Benzene

Table 5.32: Unified Power Rg model parameters of 20 mg/ml solution of Asphaltene in Benzene
20 mg/ml New q=0.02-0.8

scale background
1
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rg1
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Figure 5.46: Simulated Nano-structure of 20 mg/ml Asphaltene in Benzene
Table 5.33: Parameters from Simulated data of 20 mg/ml Asphaltene in Benzene
Title: Asphaltene_Benzene_20mgmlNew_hresol
Angular units: angstrom

Maximum particle diameter [Angstrom]: 213.

Radius of gyration [Angstrom]: 69.6

Minimum s [1/Angstrom]: 0.00

Maximum s [1/Angstrom]: 0.110
Configured as:
Shape class: random-chain

Approx. shape dimension (ri): 0.00

Approx. shape dimension (ro): 89.9

Approx. shape dimension (h): 0.00

Dummy atom radius: 6.50

Number of spherical harmonics: 15

Proportion of the curve to be fitted: 1.00

Maximum s [1/Angstrom]: 0.110

Number of shannon channels: 8

No. of supporting points in spline approx.: 10

Probability that the spline approx. fits the

Weighting function: emphasised porod

data: 0.254
Probability that the model fits the data: 0.456
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Figure 5.47: Unified Power Rg model Fitted curve for Variation of Intensity with Scattering
Vector of 40 mg/ml Asphaltene in Benzene

Table 5.34: Unified Power Rg model parameters of 40 mg/ml solution of Asphaltene in Benzene
40 mg/ml Old q=0.02-Max

scale background
1
0

rg1
45.57

rg1_err
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Figure 5.48: Simulated Nano-structure of 40 mg/ml Asphaltene in Benzene
Table 5.35: Parameters from Simulated data of 40 mg/ml Asphaltene in Benzene
Title: Asphaltene_Benzene_40mgmlOld

Maximum particle diameter [Angstrom]: 276.

Radius of gyration [Angstrom]: 70.2

Minimum s [1/Angstrom]: 0.00

Maximum s [1/Angstrom]: 0.142

Angular units: angstrom
Configured as:

Shape clas: extended

Approx. shape dimension (ri): 0.00

Approx. shape dimension (ro): 23.6

Approx. shape dimension (h): 236.

Dummy atom radius: 3.30

Number of spherical harmonics: 30

Proportion of the curve to be fitted: 1.00

Maximum s [1/Angstrom]: 0.142

Number of shannon channels: 13

No. of supporting points in spline approx.: 16

Probability that spline approx. fits data: 0.550

Weighting function: emphasised porod

Probability that the model fits the data: 0.813
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Figure 5.49: Unified Power Rg model Fitted curve for Variation of Intensity with Scattering
Vector for new solution of 40 mg/ml Asphaltene in Benzene

Table 5.36: Unified Power Rg model parameters for new solution of 40 mg/ml solution of
Asphaltene in Benzene
40 mg/ml New q=0.02-0.5

scale background
1
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rg1
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Figure 5.50: Unified Power Rg model Fitted curve for Variation of Intensity with Scattering
Vector of 100 mg/ml Asphaltene in Benzene

Table 5.37: Unified Power Rg model parameters of 100 mg/ml solution of Asphaltene in
Benzene
100 mg/ml New q=0.02-0.6

scale background
1
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rg1
200

power1
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G1_err
12.65

rg2
62.3

rg2_err power2 power2_err B2
B2_err
0.33
2.24 0.0020097 0.0022 8.96E-06

G2
9.22

G2_err
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Residuals for Unified Power Rg model fitted data of different concentrations of Asphaltene in
Benzene (High Resolution SAXS) is shown below:

Figure 5.51: Residuals for Unified Power Rg model fitted data of different concentrations of
Asphaltene in Benzene
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Table 5.38: Unified Power Rg model parameters of different concentrated solution of Asphaltene
in Benzene
Conc

rg1

rg1_err power1 power1_err

B1

B1_err

G1

G1_err

Asph/Benzene
1 mg/ml

50.15

4.65

2.32

0.14

2.39E-05

7.41E-06

0.0596

0.0055

2 mg/ml

49.8

2.41

2.21

0.07

4.77E-05

7.87E-06

0.0963

0.005

5 mg/ml

93.64

1.72

1.86

0.01

0.00034

7.98E-06

0.566

0.0094

10 mg/ml

57.46

1.12

2.36

0.02

0.00012

5.09E-06

0.4558

0.009

20 mg/ml

91.5

2.16

1.91

0.01

0.00033

8.00E-06

0.8249

0.0234

40 mg/ml

64.78

0.52

2.21

0.003

0.00075

6.62E-06

3.3494

0.0384
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Variation of rg1 with different concentrations
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Figure 5.52: Variation of rg1 with different concentrations of Asphaltene in Benzene solution
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Variation of Power1 with different concentrations of
Asphaltene in Benzene solution
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Figure 5.53: Variation of Power1 with different concentrations of Asphaltene in Benzene solution

Variation of B1 with different concentrations of
Asphaltene in Benzene solution
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Figure 5.54: Variation of B1 with different concentrations of Asphaltene in Benzene solution
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Consecutive Runs of 40 mg/ml Asphaltene in Benzene solution:
Sample in Glass Capillary:

Table 5.39: Unified Power Rg model parameters of 40 mg/ml solution of Asphaltene in Benzene
(Sample in glass capillary)
glass capillary
40 mg/ml New

hresol

Rg1

q=0.02-0.8 scale background
1
0

rg1
124.42

rg1_err power1 power1_err
G1_err
B1_err
G1
B1
6.91
1.87
0.01
0.000325 1.01E-05 1.7215 0.1839

Figure 5.52: Fitted curve for Variation of Intensity with Scattering Vector of 40 mg/ml
Asphaltene in Benzene (sample in Kapton tube)
Table 5.40: Unified Power Rg model parameters of 40 mg/ml solution of Asphaltene in Benzene
(sample in Kapton tube)
kapton
hresolAvg Rg1
40 mg/ml Avg

q=0.01-0.4 scale background bkgrnd_err rg1
rg1_err power1 power1_err
B1
G1
G1_err
1
0.010321 0.000143 105.85 0.54
2.1
0.004211 0.00084 7.9512 0.0613
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5.4 DISCUSSION

Asphaltenes in Both Toluene and Benzene may be described by a primary nanoaggregate
(NA) size that is organized as a mass fractal of varying degrees of compactness.

Asphaltenes in THF required a two-level hierarchical model because the primary particles
that formed a mass fractal are themselves flocculated into a larger micron sized aggregate.

Time dependent changes on the order of hours are observed in THF and systems are stable in
benzene and toluene.

•

This could be due to the kinetics of mixing.

•

There may be other effects including a probable slow reaction.

•

More detailed studies are necessary.
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5.5 CONCLUSION

Among many of the conclusions that can be made from this experimental endeavor and
observation, few of them are stated below:
•

Solvent Polarity affects asphaltenes aggregation nature.

•

In one case, an interconnected structure permeates the fluid.

•

In other cases, NA fractals agglomerate into large clusters.

From a large domain of possibilities of application and usefulness of the current research
on Asphaltene aggregation behavior in solution state is stated below. Control of the
interconnectedness of asphaltenes can help:
•

Solve problems in petroleum science related to the transportation of fuel effectively

•

Help develop new materials for new applications in other fields.

5.6 FUTURE WORK
Furthermore, results will be compared and integrated with statistical mechanics theories
such as the DLVO (Derjaguin–Landau–Verwey–Overbeek) theory that models absorption and the
aggregation of nanoparticles in aqueous systems and describes the stability of colloidal
dispersions. Future work will also include the use of other solvents, as well as the impact of
pressure and temperature on the nanostructure of these systems. Moreover, the relation between
the molecular dynamics parameters and the self-aggregation formed in the solution will be
investigated by using a variety of solvents (i.e Weakly polar or non-polar) to observe its effects on
the miscibility and the structural network of aggregated Asphaltene.
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Appendix
Appendix A: Process of data reduction by Foxtrot
The following steps are used to reduce data from Foxtrot:
•

Open Foxtrat icon and go to files to load required “.edf ” files on foxtrot.

•

To find direct beam integrated values
Select direct beam ‘.edf’ file ≫ click rectangular ROI mode and make a rectangle around

•

the centre ≫ go to operation and perform integral

To find the transmission coefficient, copy all the direct beam integrated values and create
a table in a spreadsheet. Transmission coefficient is then obtained by dividing the
integrated value sample or buffer with the integrated values of empty instrument.

•

To convert 2D raw data to 1D raw data:
Select raw ‘.edf’ files ≫ load a mask ( if you don’t have a mask make mask first) ≫ go to
operation and perform circle gathering ≫ go to operation toolbar and click the second last
icon to export all the circular averaged raw ‘.edf’ to ‘.dat’ and save it.

Appendix B: Process of Data Reduction by MantidPlot
The following procedure is used to reduce data using MantidPlot:
•

Create folders for raw ‘.edf’ files produced by the instrument, circular averaged ‘.dat’ files
from Foxtrot, reductionScripts and MantidPlot results.

•

Open Mantidplot icon and load python script as follow:

•

Go to Files ≫ Manage user directories ≫ select python script directory ≫ Enter or browse

to the location of the Xeuss ‘.py’ script files ≫ click Ok

This process needs to be done just once, unless you change the location of your scripts.
•

To initiate processing Xuess data:
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Go to view ≫ Script window (this will open a new script window) ≫ in the new script
•

window go to files ≫ open ≫ choose the required ‘.py’ files.
To execute commands within a script:

Select command ≫ go to Execute ≫ Execute Selection ( for shortcut: CTRL+ Enter, to

execute all CTRL+Shift+Enter )

There are many available Xeuss functions like XuessLoadLogger, XuessLoad, XuessReduce and
so on. Each have its own function.
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Appendix C: Dielectric Constants of Common Solvents
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